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ABSTRACT
Yucca Mountain, Nevada is being evaluated as a potential repository site for 
storing high level radioactive materials. The material will be transported by highway 
or rail to the repository from nuclear reactors and other federal sites located 
throughout the United States. The selection and design of these transport routes 
involve consideration of the potential risks and impacts associated with the 
transportation process.
The purpose of this research is to perform a risk analysis for the 
transportation of hazardous materials using Geographic Information System 
technology. Alternative highway routes between Wendover and Yucca Mountain 
were identified and evaluated for specified objective functions to estimate the risks 
associated with the transportation of hazardous materials. The specified objective 
functions used population exposure as an indicator of risk. A comparative risk 
analysis is performed based on the estimated risk values using GIS technology.
The U.S. Census Bureau’s population data were used for the analysis 
presented in this research. Data were obtained in the form of TIGER coverages at 
a block level for the state of Nevada. The data were then synthesized at the tract, 
county, and state level. These aggregated data were used to perform a sensitivity 
analysis. This analysis was conducted using two potential highway access routes 
within Nevada for case studies.
i i i
For each case study, a corridor width was developed along the highway route 
by using specific buffer distances. The buffer distances ranged from 0.5 to 20 miles. 
Each buffer width represents a potential critical corridor width for potential accident 
scenarios involving the transport of hazardous materials. An urban population index 
(UPI) was developed to help identify the required level of disaggregation of 
population data (block/tract/county).
Population can be estimated by a number of methods which use GIS 
technology. Commonly used methods are corridor width method, Thiessen polygon 
method, Grid based method and Census polygon method. In this thesis, population 
is estimated using Corridor width method. ARC/INFO software on a UNIX platform 
was extensively used to carry out the analysis.
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CHAPTER 1
INTRODUCTION
The Nuclear Waste Policy Act (NWPA) of 1982 authorized the Department 
of Energy (DOE) to develop the Nation’s first geologic repository for the permanent 
disposal of spent nuclear fuel and high level radioactive waste (DOE, 1993). 
Congress directed the DOE to identify potential sites for building the repository. In 
May of 1986, three sites were recommended for intensive study. They were Deaf 
Smith county, Texas; Hanford, Washington; and Yucca Mountain, Nevada. The 
recommendations were made on hundreds of factors including geologic formations, 
geologic history, population and public safety, local economic impact, environmental 
concerns and construction and operations cost (DOE, 1993). Further in December 
1987, congress amended the NWPA to specify that only Yucca Mountain, Nevada be 
evaluated by the DOE for its suitability as a repository site.
The repository is scheduled to begin operations 2013. Once the repository 
begins its operations a major concern is the transportation of the radioactive 
materials. The concern is due possible radiation exposure to the public and the 
environment during routine operations or due to an accident or incident from such 
transport. The material will be transported by highway or rail to the repository from 
nuclear reactors and other federal sites located throughout the states.
1
2The U.S. Department of Transportation (U.S. DOT) has the authority and 
responsibility related to the routing of controlled quantity shipments of radioactive 
materials such as spent nuclear fuel and High Level Waste (HLW). One goal of 
DOT’s highway routing regulations is to reduce risk by reducing the amount of time 
radioactive materials are in-transit. Since interstate highways provide the fastest 
means for crossing the country, and generally have low accident rates than other 
routes, they are the top candidates for DOT’s route designation.
1.1 Objective and Scope of Work
The disposal of hazardous wastes at sites remote from its production require 
shipment across a transportation network. The occurrence of a transportation 
incident or accident involving hazardous materials may lead to severe consequences 
such as loss of lives, property damage and environmental pollution. These types of 
consequences necessitate the development of comprehensive approaches to risk 
assessment and routing analysis.
The primary objective of this research is to demonstrate the application of 
geographic information system (GIS) for risk assessment and routing analysis. Some 
of the key factors in this process are potential population exposure, travel time and 
travel distance. Also, this type of analysis require’s a broad range of information 
about the transportation network and demographic data such as population and 
landuse. As the transportation network and demographic data are spatially 
distributed and inherently geographic, the advent of GIS has provided a logical tool
with considerable potential in managing such information in an efficient manner.
Another objective of this research is to identify the level of disaggregation 
(block/tract/county) required for accurate estimation of the risks and to further 
investigate the trade offs between the level of disaggregation and desired accuracy of 
the estimates. The scope of this work includes developing GIS based methodologies 
to support risk assessment and routing analysis. Risk here is measured in terms of 
population exposed on either side of selected highway routes.
The Bureau of Census population data were used for the analysis. The data 
were obtained in the form of TIGER coverages at a block level for the state of 
Nevada. The data were further synthesized at the tract and county levels. Various 
statistical areas considered for applying the methodology are blocks, tracts and 
counties. The National Highway Planning Network (NHPN) developed by Oak Ridge 
National Laboratories (ORNL) (Peterson, 1992) was used as the basis for 
transportation network related information.
The analysis was carried out using two potential alternative routes within the 
Nevada as case studies. The alternative routes were identified using a HIGHWAY 
routing model (Joy and Johnson, 1992). The criteria for selecting the alternative 
routes were based on minimization of travel time and travel distance. Finally, an 
Urban Population Index was developed to help identify the required level of 
disaggregation of population data.
41.2 Overview
The main purpose of this research is to address the various issues involved in 
the transportation of hazardous materials. Chapter 2 summarizes relevant research 
documented in the literature in the field of hazardous materials transportation. 
Chapter 2 also includes discussions of various routing and risk models that are 
currently being used.
Chapter 3 identifies various routing issues involved in the transportation of 
hazardous materials. Alternative routes: quickest, shortest, commercial and 
constrained route are identified and selected using HIGHWAY routing model. The 
selected routes are separated and graphically displayed using GIS technology.
Chapter 4 presents a GIS based method of risk assessment for transportation 
of hazardous materials. The chapter also addresses the various components and 
general type of risk estimation methodologies involved in the transportation of 
hazardous materials.
Chapter 5 addresses sensitivity analysis for hazardous material transportation. 
Also, the chapter summarizes the various methods of population estimation 
techniques using GIS technology.
Various findings from this study are presented in Chapter 6. The chapter also 
contains recommendations for future studies to expand on this work. Figure 1.0 
presents a complete overview of this research.
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CHAPTER 2
LITERATURE REVIEW
2.1 Introduction
The use of Geographic Information System (GIS) for the analysis of hazardous 
material transportation is gaining increased acceptance in the government and private 
sectors. Transportation systems are spatially distributed and this makes the 
adaptation of GIS ideal for routing analysis, risk analysis and to integrate the two. 
A summary of some of the recent work on these topics is presented in this section.
Anders and Olsten (1990) conducted risk analysis of hazardous materials 
transportation using Geographic Information System. They use GIS to combine 
tabular traffic data from state surveys with geographic networks. Accident rate by 
sub-segment, shipment frequency by highway segment and population affected were 
combined to estimate the population at risk. Absolute hazard was calculated as a 
product of accident rate at the subsegment level and shipment frequency on the 
corresponding highway segment. This methodology was applied to the Arizona 
highway system for illustration purpose. They concluded that such GIS based 
methods of risk analysis could be very effective and successful.
Ardila-Coulson (1989) performed routing analysis based on U.S. DOT
6
7guidelines. The base network for the analysis was the highway network developed 
and maintained by Oak Ridge National Laboratories. Two alternative routes in 
Nevada were identified using Stategen routing model (Erickson, 1988). The criteria 
for selecting alternative routes were based on minimizing four parameters: population 
density, total accident rates, truck accident rates and shipment distance. The author 
identified a preferred route from these two alternative routes by placing emphasis on 
risk. Risk was measured in terms of radiation exposure from regular transport, public 
and economic risk from the accidental release of radioactive materials.
Abkowitz et al. (1992, a) explored the impact of using alternative criteria and 
criteria weighting for selecting routes for hazardous materials transportation. The 
analysis was carried out using a GIS-based highway routing model, Haz-trans, 
developed explicitly for the routing of hazardous materials. The model is flexible in 
selecting the routes based on minimizing the following user defined criteria: shipment 
distance, travel time, accident rates, population exposure and risk. Risk was 
measured by multiplying population exposed along the route by the release causing 
accident rates along the route. The authors used a case study in southern California 
to demonstrate the application.
Tumquist’s (1985) method of routing hazardous materials involves solving 
multi-objective routing problems under uncertainty using a model. The model is 
capable of analyzing alternative routes and schedules for the transport of hazardous 
materials. It consists of simulation and optimization components. The model is 
developed based on a multi-objective path finding algorithm. The author considered
8a highway network with 41 nodes and 146 directional arcs to demonstrate the 
modelling approach. The output produced from this model is voluminous and 
complex to summarize. Graphical representation of the output would have greatly 
aided the above model to view the outputs in a  more understandable form.
Jenssen and Castleman (1984) summarized a concept of risk assessment and 
presented various risk analysis methodologies for the analysis of hazardous material 
transportation. They also discussed the findings of a study done by British and 
Norwegian authorities on the risk analysis for hazardous material transportation.
Lassarre, Kurt, and Elisabeth (1990) developed software to evaluate risk of 
transporting dangerous goods on a road network. The software is based on a 
Geographic Information System and uses a network digitized at a 1/50,000 scale. 
Risk is estimated by multiplying accident probability with the number of people 
exposed to hazardous material transportation. The population exposure on either 
side of the road network is determined by overlaying the population data sets over 
the buffered transportation routes. Accident rates are expressed as a product of 
frequency of occurrence of an accident involving a vehicle transporting hazardous 
materials and the length of the segment. Relative risk is used to identify alternative 
routes and select optimal routes.
Abowkitz, Cheng, and Lepofsky (1990, b) examined the role of GIS in the 
analysis of hazardous materials transportation and in the evaluation of alternative 
shipment routes. The criteria for evaluating alternative shipment routes were based 
on minimizing shipment distance and minimizing population exposed. The
9population exposed was estimated by overlaying GIS population data sets over the 
transportation network. The analysis was carried out using a first generation GIS 
model. The model uses a GIS road network developed and maintained by Oak 
Ridge National Laboratories. The network is based on a U.S. Geologic Survey map 
of 1:2,000,000 scale. They also discussed data needs and the capability of the model 
to handle emergency preparedness and evacuation planning. Emergency response 
units are identified by overlaying response unit location onto the transportation 
system. Evacuation planning can be done by overlaying plume size from accidental 
release of hazardous materials, plume shape and direction over the GIS databases 
representing population distribution and environmentally sensitive areas. To 
demonstrate the application of GIS routing model, two alternative routes were 
identified between Moses Lake, Washington and Newport, Tennessee based on 
minimum shipment distance and minimum population exposed.
2.2 Computer Models
A model is an intellectual tool and a means of representing reality analysis and 
evaluation of scenarios. The reason for developing a model is to reproduce the 
original problems without disturbing the originality of the real life problem or 
scenario. Such a real life problem when simulated or executed on a computer is 
termed a computer model. A number of computer models currently exist for routing 
and risk analysis of hazardous material transportation. The objectives of these 
models include minimization of distance, minimization of travel time, minimization
10
of population exposed, minimization of risk, incorporation of emergency response 
capabilities and emergency response management systems.
23 Highway Routing Models
In general, routing models provide a means for predicting likely routes for the 
transportation of any commodity. Currently a number of highway routing models 
exist for identifying alternative routes. This section contains a brief description of 
some of the highway routing models for radioactive materials transportation.
HIGHWAY
HIGHWAY (Johnson and Joy, 1992) is a computerized highway routing 
model developed by Oak Ridge National Laboratories for the purpose of evaluating 
likely routes for the shipment of radioactive materials (Figure 2.1). The model can 
be accessed through the TRANSNET system maintained by Sandia National 
Laboratories. The national network used by this model contains all the major 
highways, many state and local roads. Attributes encoded for each segment of the 
network include the following: distance, average driving speed, and tolls. The model 
is flexible in selecting alternative routes and allows the user to specify certain routing 
constraints such as bypassing specific cities, prohibiting the use of certain routes, or 
bypassing an entire state. It also allows the user to specify departure date and time 
and is a good routing model for interstate travel. The criteria for selecting alternative
11
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routes of shipment is based on minimizing travel distance, minimizing travel time or 
a combination of the two. The outputs from this model include origin and 
destination, departure and arrival times, driving time, total distance of the route and 
highway designations and state by state summaries of shipment distance and time of 
travel.
INTERSTAT
INTERSTAT (Figure 2.2) is a routing model developed by Sandia National 
Laboratories and can be accessed by using TRANSNET. The model consists of two 
networks, the first one is a large network that consists of Interstate highway system, 
U.S highways and a few state roads. The second one is a small network that includes 
highways approved by the National Regulatory Commission (NRC). The criteria for 
selecting routes of shipment is based on minimizing distance, minimizing population 
density, and minimizing accident rates. The outputs from this model include distance 
between origin and destination, population count within 2 to 60 km range, accident 
rate, rural, urban and suburban fraction of travel. The output from this model can 
be used directly as inputs for RADTRAN, a risk assessment model for radioactive 
materials transportation.
StateGEN
StateGEN is a routing program developed by Sandia National Laboratories 
(Erickson, 1988). The model allows the user to create a network using node and link
13
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Figure 2.2 (Interstat Routing Model)
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files. The model is flexible in accepting a user specified network (Figure 2.3). 
Themodel identifies potential routes between a specified origin and destination by 
minimizing or maximizing a desired parameter and is a good model for in-state 
routing analysis.
2.4 Risk Models
Risk models are developed to evaluate and assess the risks associated 
withtransportation. Risks can be evaluated based on both incident free transportation 
scenarios and scenarios for transportation accidents. A number of risk models 
currently exist to assess the risks involved in the transportation of hazardous 
materials. A brief description of risk model techniques follows.
RADTRAN
RADTRAN is a computerized model developed by Sandia National 
Laboratories (Neuhauser, 1991) for the purpose of risk analysis of radioactive 
material transportation (Figure 2.4). The input to the model consists of 
transportation route specific data and user option data. The model estimates the 
radiological impacts of both non-incident and accident scenarios during the 
transportation of radioactive materials. The incident free model evaluates the doses 
of radiation received by persons along the road while the accident model evaluates 
radiological risks to the public based on different accident scenarios. The model 
considers severity of accident, type of material being transported, exposure to
16
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pedestrians, and people on the highway in performing the above risk analysis. 
Haz-Trans
Haz-Trans is a powerful tool and a first generation GIS model (Figure 2.5) for 
the purpose of routing and risk management for transportation of hazardous 
materials (Abkowitz et al. 1991, a). The model was developed by Abkowitz et al. and 
uses a network developed by Oak Ridge National Laboratories (Figure 2.5). The 
main demographic parameter in the model is population. To estimate the population 
exposed along a route of transport of hazardous materials, the GIS population data 
coverage is overlaid over the transportation network. The model is capable of 
handling four important parameters in the event of a release. The four parameters 
are emergency response units, size of the plume from the release, its shape, and the 
dispersion speed of the plume. Emergency response units are identified by overlaying 
response unit location onto the transportation system. Evacuation planning can be 
done by overlaying plume size from accidental release of hazardous materials, plume 
shape and direction of dispersion over the GIS databases representing population 
distribution and environmentally sensitive areas.
U.S. DOT Guidelines
U.S. DOT Guidelines (1992) provides techniques to assess the relative risks 
of alternative transportation routes for the transportation of hazardous materials 
(Figure 2.6). Risk here is measured as the product of probability of an accident
18
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19
USDOT GUIDELINES
RISK MODEL
NORMAL RADIATION EXPOSURE
PUBLIC HEALTH RISK
ECONOMIC RISK
OUTPUTS
POPULATION DENSITY
DISTANCE
AVERAGE SPEED
ADT
ACCIDENT PROBABILITY
DATA
Figure 2.6 (U.S. DOT Guidelines)
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occurring and the consequences of the accident. The methodology uses primary and 
secondary route comparison factors for the analysis of hazardous material 
transportation. Primary factors include normal radiation exposure to population 
during transport, public health risks from accidents and economic risk from accident 
such as property damage and infrastructure. Secondary factors consists of emergency 
response capabilities, evacuation measures, locations of special facilities such as 
hospitles, schools, prisions.
2.5 Geographic Information System
A computerized GIS is capable of efficiently storing, managing, analyzing, 
updating, and graphically displaying all forms of geographically referenced data. This 
technology was developed through significant work from multiple disciplines. GIS 
was first developed in the 1950’s. After significant improvements GIS grew and 
gained wide acceptance in the 1970’s. The technology matured in the 1980’s and is 
now a powerful tool for spatial analysis and for graphical representation of the 
situation or problem. GIS has evolved by integrating three components (Figure 2.7) 
They are 1) Data base management 2) Graphic representation 3) Techniques that 
facilitate spatial analysis. Each of these aspects is briefly discussed in this section.
Data Base Management
The GIS database consists of two basic types of data: Graphic and Non 
graphic data (Figure 2.8). The development of data bases is time consuming,
21
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Figure 2.7 (GIS integration (Source: Antenucci and Brown)
expensive and complicated. Graphic data are represented as map images and consist 
locations of cities, mountain peaks, street intersections and hospitals. A line is a 
one-dimensional object and represents map features that are too thin to be shown 
as an area. Examples of line features are roadways, rail tracks, contour lines and 
of graphic elements such as points, lines, areas, grid cells, or pixels.
A point or node is a zero dimensional object and it may used to 
representpolitical boundaries. An area is a two dimensional object and is represented 
as a region surrounded by line features. Lakes, and counties are examples of area 
features. Pixels and grid cells are two dimensional objects.
Graphic images can be organized and stored as two data structures: Raster 
and Vector (Figure 2.9). A  raster data structure is represented by dividing the study
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Figure 2.8: GIS data (Source: Antenucci and Brown)
area into a uniform grid cells, usually square. The cell size is determined based on 
the required level of resolution. The cells are identified by using a code and describe 
the features contained in it. Vector data structures are represented by a series of x, 
y coordinates of point and line locations. Vector data structure calculates and stores 
information about polygons, objects and other complex entities. A GIS database has 
four classes of non graphic data (Antenucci & Brown, 1991):
Non-graphic attributes 
Geographically referenced data 
Geographic Indexes 
Spatial relationships
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Figure 2.9 Vector & Raster data structures (Source: 
Antenuci and Brown)
Information about the characteristics of map features is provided by non 
graphic attributes. Examples of non graphic attributes include route length, number 
of lanes and type of pavement. Geographic Indexes which are part of GIS facilitate 
operations such as select, relate and retrieve information based on 
geographic identifiers. Geographically referenced data can be used to convey 
information regarding a specific location such as accident or incident occurring at a 
specific site. Spatial relationships aid operations such as vehicle dispatching and 
address matching.
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Spatial Analysis
The spatial relationships of entities include proximity, queries and data 
linkages, and connectivity. GIS has the capability to perform proximity analysis. 
Proximity analysis gives information about the distances between, among or around 
coverage features. This is useful to determine which features are closest to other 
features, how far apart features are, and how much area is within a specified distance 
of a geographic feature. Buffer generation is an important function of proximity 
analysis. Buffer generation is a geographic operation used to identify the area 
surrounding geographic features. A polygon coverage is formed as a result of 
buffering and is called buffer zone which is used to determine spatial proximity 
(ESRI, 1990) GIS can be used to perform spatial queries. A spatial query is useful 
for analysis such as determining the number of people within one mile of route of 
travel. Buffers can be generated for any type of geographic features: points, lines, 
or polygons (Figure 2.10).
Exact matching and non-exact matching are two methods GIS uses to link data 
sets. Exact matching is used to combine features such as counties, blocks, etc. in one 
file with additional information in another file about the same set of features. Data 
files' are combined using a common element. Non-exact matching uses hierarchical 
matching and fuzzy matching. For example, in hierarchical matching, all the tract 
values of a particular attribute value are added to obtain a meaningful value of the
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Figure 2.10: Buffering of Geographic features (Source: ESRI, 
1990)
attribute for the county. In fuzzy matching the boundaries of the smaller areas are 
overlayed over boundaries of larger areas in order to combine the two. This process 
creates a new coverage containing the characteristics of both areas.
Graphic Capabilities
GIS, have powerful capabilities to graphically display spatial information. 
These may be in the form of displays or computer hard copy outputs. A GIS can be 
used to display raw spatial data, and also results of various spatial modeling and
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analysis process. A well organized map will help convey the intended message with 
great impact. Appearance of the map can be improved or controlled by the use of 
parameters such as color, shading patterns, text font types, scale of the plot and line 
patterns.
CHAPTER 3
ROUTING ANALYSIS
3.1 Introduction
The disposal of hazardous materials at sites remote from their production 
requires shipment of those wastes across a  transportation network. The shipment of 
these materials over streets and highways in the nation has become a significant 
transportation safety concern among public and governmental officials. The 
occurrence of an incident or accident involving hazardous materials may lead to 
severe consequences such as property damage, traffic congestion, serious injury or 
loss of life. The consequences may vary widely depending upon the severity of events 
and the type of material being transported. Thus, routing analysis plays an important 
role in the proper selection of alternative routes for the safe transportation of 
hazardous materials.
A number of factors influence the choice of a route for hazardous material 
transportation. The factors may be broadly classified into two categories:
1) mandatory factors and 2) variable factors. Mandatory factors are of two types 
a) physical restrictions and b) legal and regulatory restrictions. Physical restrictions 
include highway-rail crossings, tunnel clearances, bridge restrictions include weight of
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vehicle, bridges, height of vehicle, and weight of vehicle. These restrictions play an 
important role in hazardous material routing analysis. A review of the literature 
shows a number of accidents involving hazardous materials occurred due to violations 
of physical restrictions such as improper tunnel clearances or underpass clearances.
Legal and regulatory restrictions also aim to improve safety. The occurrence 
of accidents or incidents involving hazardous material or radioactive materials are not 
eliminated by engineering design alone. In addition to engineering, better 
management strategies are essential to prevent the occurrence of hazardous material 
accidents or incidents and mitigate any consequences. Thus, the imposition of 
restrictions on routing of hazardous material is justified and is gaining more and more 
importance as the size and frequency of shipments increase.
Variable factors such as traffic density, population density, weather conditions, 
shipment size, shipment frequency, type of material being shipped etc. affect the 
choice of a route for hazardous material transportation. Traffic density is a variable 
factor because of its importance on certain routes during peak periods and may not 
be an issue during off peak periods. The type of material being shipped becomes an 
important criterion because of the potential consequences of exposure to surrounding 
population and environment in case of an accident or incident involving hazardous 
material or even during incident free routine transportation as in the case of 
radioactive materials. Some materials are very dangerous even though they are in 
small quantities. For example, poison gases pose great a threat in the event of a 
release.
29
The purpose of this chapter is three fold: 1) To identify and discuss some of 
the key issues involved in routing of hazardous material transportation. 2) To 
develop a methodology for routing analysis of hazardous material transportation using 
HIGHWAY MODEL for highway shipments. 3) To demonstrate the application of 
Geographic Information System to support the analysis results.
3.2 Routing Issues
A broad range of issues affect the transportation of hazardous materials. They 
include mode of transportation, vehicle type, route selection, time in transit, radiation 
exposure, population centers, time of day, traffic density, distance travelled, accident 
rates, and emergency response facilities. Some of the important routing issues are 
discussed below.
Mode of Transportation
The proper selection of mode of transport plays an important role in 
hazardous material transportation because of a number of factors such as economics, 
safety, exposure to population (on-link and off-link), route alignment, potential from 
isolation from other vehicles. Basically there are six possible modes of transportation. 
They are highway, rail, air, water, pipeline and conveyor belts. Rail and water 
shipment of hazardous materials consists primarily of bulk shipments. Air shipments 
consists of much smaller, time sensitive packages mostly for industrial or medical use. 
Highway transport of hazardous materials account for more than half of all shipments
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by volume. These modes can be used either singly or in combination in an 
intermodal movement. A desirable system for hazardous materials transportation 
may be one in which the material moves in a continuous flow from the origin to 
destination without any interruption. Long shipments of hazardous materials may use 
more than one mode. The choice of a mode can be constrained by the nature and 
capabilities of the modal interchange facilities available along the route that will be 
taken or it may also be dictated by total risk and economics.
Vehicle Type
The vehicle to be used for transportation of hazardous materials is dependent 
on the choice of mode and other factors such as economics and risk. Some of the 
considerations that effect the choice of a vehicle include quantity of shipment, 
number of shipments, time in which the shipment must be completed, terrain 
considerations, meteorological conditions, choice of container and mandatory factors 
such as legal weight limits.
Route Selection
Route selection is one of the important criteria in routing analysis. Selection 
of a route for the transportation of hazardous materials is a very complicated process. 
Some of the factors that should be looked into before route selection for hazardous 
materials shipment are population density along the route, types of highways, types 
of hazardous materials, emergency response capabilities, terrain conditions,
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alternative routes and the location of special facilities such as stadiums, schools, 
hospitals, or prison camps. Some of these factors are discussed in this section.
Risk
Risk is one of the most important and critical routing issues in the 
transportation of hazardous materials. According to DOT guidelines, risk is 
measured as the product of accident probability multiplied by accident consequences. 
The accident may be overturning of a truck, derailment, or collision with another 
vehicle. The consequence may be loss of life, injury, etc. Risk can also be measured 
in a number of different ways depending upon a number of factors such as objectives 
and preferences, availability of data information.
Time in Transit
Time in transit as a routing issue should be carefully examined. The time in 
transit is mainly affected by the length of the route selected. This may not be true 
all the time. Difficult terrain, congested areas, peak traffic periods, accidents in the 
downstream traffic, road conditions, and adverse weather conditions can significantly 
effect and increase the time required to traverse a given route. Time in transit can 
be used as a measure of exposure in risk analysis.
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Avoidance of population centers
The disposal of hazardous wastes from its production requires shipment of the 
wastes across a transportation network. Travelling over the nation’s transportation 
network system and avoiding population centers may prove to be mutually exclusive. 
Routes traversing through urban areas result in exposure to more people when 
compared to routes traversing through suburban and rural areas. Major highway 
intersections generally occur at population centers. Use of bypass routes can 
significantly avoid a major portion of the population. However over a period of time, 
areas through which bypass routes pass are populated quickly and developed as 
suburban area. In most cases population densities in suburban areas are still lower 
than urban areas and cities. Thus, the choice of bypass routes may be meaningful 
choice over direct route through a populated area if the objective is to minimize the 
number of people exposed.
Distance Travelled
Shorter routes between origin and destination are generally preferred for 
hazardous material transportation. Some of the factors that may affect the choice of 
shorter routes are population density, terrain condition, emergency response 
capabilities, etc. Assuming uniform population distribution, the shorter routes will 
expose fewer people to incidents or accidents involving hazardous materials. Shorter 
routes may also be more efficient from the fuel consumption and cost considerations.
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3 3  HIGHWAY Routing Model
HIGHWAY is a computerized transportation routing model developed by Oak 
Ridge National Laboratories. It is a flexible tool that can be used for identifying 
highway routes for transporting radioactive materials. The model permits 
identification of routes based on minimizing the total impedance between the origin 
and destination. The impedance is defined as a function of distance and driving time 
along a particular segment and is calculated as a linear weighted combination of the 
driving distance and driving time (Equation 2.1).
L - Min E ( a Dx + Pr^) (Equation  2 . 1 )
Where
a -  d i s t a n c e  m o d i f i e r
P -  t ime m o d i f i e r
Di -  d i s t a n c e  o f  segment i  (miles)
T± -  t ime o f  t r a v e l  a lon g  segment i
Time and distance modifiers are interrelated. The user has flexibility in 
selecting different combinations of distance and time modifiers. The distance 
modifier a which is a function of time modifier is automatically set as
a  -  1 . 0  -  P (Equation  2 . 2 )
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0 * p * 1
The objective function of the model can be adjusted by varying the time and 
distance modifier. This enables the user to define various routing strategies by 
controlling the modifiers. Some examples of these parameters are presented in Table 
3.1.
Table 3.1 Default Values of Time and Distance Modifiers
Route Time
Modifier
Distance
Modifier
Comment
Quickest 1.0 0.0 Entire weight is given to time
Shortest 0.0 1.0 Entire weight to given to distance
Commercial 0.70 0.3 Compromise between distance & time
The user can also control the route flow by assigning appropriate weights for 
the highway sign and lane weights. Highway sign weigths are used to encourage or 
discourage a path from including segments of a given sign type or types. For example 
assigning a very low sign type to Interstate highways would, for example, encourage 
the model to maximize use of Interstate highway links in path (Johnson and Joy,
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1992). The default values are shown in Table 3.2. Highway lane type values can be 
used to encourage or discourage a path from including segments of a given lane type 
or types. The HIGHWAY model, in addition to its route-type criteria constraint, can 
also account for several other constraints. These are discussed in the remainder of 
this section.
Table 3.2 Default values of Highway Sign and Lane Weights
Highway Sign Weights Highway Lane Weights
Interstate 1.00 Lim Acc ML 1.00
U.S 2.00 Lim Acc SL 1.10
Turnpike 2.00 ML Div 1.20
County 2.00 ML Undiv 1.30
Local 2.00 Pri Hwy 1.50
Lim Acc ML - Limited Access Multi-lane 
SL - Limited Access Single lane 
ML Div - Multi-lane divided 
ML Undiv - multi-lane undivided 
Pri Hwy - Primary Highway
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Toll bias
Toll bias is specified to control the use of toll roads and toll bridges. Using 
a large value for toll bias will avoid all toll roads and a zero value does not impose 
any special penalty for the use of toll roads.
Number of drivers
The user has the option of specifying one or two drivers. In case of two 
drivers, the shipment is assumed to move for four hours and then stop for a 0.5-1.0 
hr break. This cycle is repeated until the destination is reached. With one driver the 
shipment is assumed to move for 5 hr, stop for a 0.5 hr break, move for another 5 
hours and stop for an 8 hour break. The cycle is repeated until the destination is 
reached.
Routing constraints
The following routing constraints can be imposed using HIGHWAY 
An entire state can be bypassed.
Specific cities can be bypassed.
Certain highway segments can be bypassed.
Routes preferentially following certain types of highways can be developed.
The model uses the following naming conventions.
I - Interstate highway 
U - U.S highway
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S - State highway
T - Turnpikes that are not part of Interstate system.
C - County roads
L - Local roads
3.4 Methodology
The purposes of this section is: 1) to perform a highway routing analysis for 
the transportation of hazardous materials, and 2) to demonstrate the application of 
geographic information system to display the analysis results.
The routing analysis methodology developed here utilize the HIGHWAY 
model and it consists of system selection, criteria selection, and origin and destination 
specification. Criteria selection allows selection of alternative routes using available 
tools: shortest (minimizing shipment distance), quickest route (minimizing travel 
times), constrained route (bypassing a state/city/county) and a commercial route 
(between shortest and quickest). Origin and destination specification allows 
identification of the shipping and receiving locations and to model the commodity 
flow in the system.
A GIS allows the analyst to identify the route with reference to a geographic 
location, separate the identified alternative routes from the street network and to 
graphically display such information. GIS, with its strong relational database, 
information storage, information retrieval capabilities can store, edit information 
about a route segment, retrieve information as and when needed. GIS has the
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capability in selecting a particular route segment of interest, zooming into it or out 
of it at the required precision level.
Two alternative routes, Route-A and Route-B between Wendover, NV and 
Yucca Mountain, NV are identified using HIGHWAY. Also default values for toll 
bias (1.15) and number of drivers (2) are used. Using two drivers the shipment is 
assumed to move for four hours and stop for a 30 minute break. The cycle is 
repeated until the destination is reached. Figures 3.1 and 3.2 showes the 
representations of the Route-A and Route-B identified for analysis. A detailed 
description of the two identified alternative routes follows.
Route-A
Originating from Wendover at the border of Nevada and Utah, Route-A 
traverses south on US93 Alt, south on US 93, west on US 6, and south on US 95 to 
reach Yucca Mountain (Figure 3.1).
Route-A is the quickest route and shortest route and a commercial route 
between Wendover and Yucca Mountain passing through Tonopah. A quickest route 
is calculated by setting the time modifier equal to 1.0 to time modifier which 
automatically forces a value of 0.0 for the distance modifier. By setting a value of 1.0 
to time modifier the entire weight is given to minimize the time in transit. For the 
shortest route calculation, the distance modifier is set to 1.0, forcing the time modifier 
to zero. Here the entire weight is given to minimize the travel distance. Commercial
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route is a compromise between quickest route and shortest route. The time and 
distance modifiers are set at 0.7 and 0.3. That is seventy percent of the weight is 
given to time and thirty percent of the weight is given to distance (Figures 3.3 
through Figure 3.5).
Route-B
From Wendover at the border of Nevada and Utah, Route-B traverses south 
on Us 93A, south on US 93, south on US 50, south on 1-15 and north of US 95 to 
reach Yucca Mountain which passes through Las Vegas. Route-B is the quickest 
route between the Wendover and Yucca Mountain passing through Las Vegas. 
Figure 3.6 shows Route-B identified for analysis.
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From: WENDOVER 180 U93A NV Leaving : 9/29/93 at 16:34 POT
to : YUCCA MOUNTAIN NV Arriving: 9/30/93 at 3:10 POT
Route type: S with 2 driver<s) Total road time: 10:37
Time bias: 0.00 Mile bias: 1.00 Toll bias: 1.15 Total miles: 425.0
From: WENDOVER 180 U93A NV Leaving : 9/29/93 at 16:34 POT
to : YUCCA MOUNTAIN NV Arriving: 9/30/93 at 3:10 POT
Routing through:
0.0 WENDOVER 180 U93A NV 0.0 0:00 9/29 a 16:34
60.0 U93A CURRIE SE U93 U93A NV 60.0 1:18 9/29 a 17:52
59.0 U93 EAST ELY NV 119.0 2:36 9/29 a 19:10
1.0 U50 U6 ELY NV 120.0 2:38 9/29 a 19:12
166.0 U6 TOHOPAH NV 286.0 6:44 9/29 a 23:18
1Z3.0 U9S amargosa vally U95 S373 NV 409.0 9:55 9/30 a 2:29
16.0 LOCAL YUCCA MOUNTAIN NV 425.0 10:37 9/30 a 3:10
End of highway listing.
Figure 3.3 (Shortest Route: Wendover-Tonopah-Yucca Mountain)
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From: WENDOVER 180 U93A NV Leaving : 9/29/93 at 16:35 POT
to : YUCCA MOUNTAIN NV Arriving: 9/30/93 at 3:11 POT
Route type: Q with 2 driver(s) Total road time: 10:37
From: WENDOVER 
to : TUCCA MOUNTAIN 
Routing through:
180 U93A NV Leaving : 9/29/93 at 16:35 POT
NV Arriving: 9/30/93 at 3:11 POT
0.0 WENDOVER 180 U93A NV 0.0 0:00 9/29 a 16:35
60.0 U93A CURRIE SE U93 U93A NV 60.0 1:18 9/29 a 17:53
59.0 U93 EAST ELY NV 119.0 2:36 9/29 a 19:10
1.0 U50 U6 ELY NV 120.0 2:38 9/29 a 19:12
166.0 U6 TONOPAH NV 286.0 6:44 9/29 a 23:19
123.0 U95 AHARGOSA VALLY U95 S373 NV 409.0 9:55 9/30 a 2:29
16.0 LOCAL YUCCA MOUNTAIN NV 425.0 10:37 9/30 a 3:11
End of highway listing.
Figure 3.4 (Quickest route: Wendover-Tonopah-Yucca Mountain)
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Fran: WENDOVER 180 U93A NV Leaving : 9/29/93 at 16:33 PDT
to : YUCCA MOUNTAIN NV Arriving: 9/30/93 at 3:10 PDT
Route type: C with 2 driver(s) Total road time: 10:37
Time bias: 0.70 Mile bias: 0.30 Toll bias: 1.15 Total miles: 425.0
Fran: WENDOVER 180 U93A NV Leaving : 9/29/93 at 16:33 POT
to : YUCCA MOUNTAIN NV Arriving: 9/30/93 at 3:10 PDT
Routing through:
0.0 WENDOVER 180 U93A NV 0.0 0:00 9/29 a 16:33
60.0 U93A CURRIE SE U93 U93A NV 60.0 1:18 9/29 3 17:52
59.0 U93 EAST ELY NV 119.0 2:36 9/29 a 19:09
1.0 U50 U6 ELY NV 120.0 2:38 9/29 a 19:11
166.0 U6 tcnopah NV 286.0 6:44 9/29 3 23:18
123.0 U95 amargosa vally U95 S373 NV 409.0 9:55 9/30 a 2:28
16.0 LOCAL YUCCA MOUNTAIN NV 425.0 10:37 9/30 a 3:10
End of highway listing.
Fig 3.5 (Commercial route: Wendover-Tonopah-Yucca Mountain)
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Figure 3.6 (Quickest route: Wendover-Las Vegas-Yucca Mt.)
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3.5 Conclusions
Alternative routes: quickest (minimizing travel time), shortest (minimizing 
travel distance), commercial (minimizing travel time and distance) and constrained 
route (shortest between Wendover-Las vegas-Yucca mountain) were identified using 
HIGHWAY. Different routing criteria and criteria weights are used to select the 
above mentioned alternative routes. When compared to Route-B, Route-A was 
found to be 145.1 km less in travel distance and took approximately 1 hours less in 
travel time (see Table 3.3).
Table 3.3 Summary of Routing Analysis
Highway Routes Travel distance Travel time Comment
Route-A 680 km 10.37 Route-A is shorter and 
quicker than Route-B by 
145.1 km and 56 minutes
Route-B 825.6 km 11.30
CHAPTER 4
RISK ANALYSIS
4.1 Introduction
Transportation of hazardous materials and wastes across the national 
transportation network is a matter of growing concern among public, government 
officials, and private agencies. It is estimated that approximately 1.5 billion tons of 
hazardous material is being shipped across our nation’s transportation system 
excluding pipeline (Abkowitz et al, 1992). Demands for of hazardous material 
transportation are likely to increase as the country advances technologically and 
industrially, which in turn generates hazardous waste. Increased dependence on 
industrial technology and avoiding production of hazardous waste could be mutually 
exclusive. This increase in production results in greater need for increase shipment 
frequency of these materials and creates a risk of more people, property and 
environment being exposed in case of a spill or accident involving the hazardous 
material. In-light of this widespread concern, the need to assess the transport risk 
is of importance.
The concept of risk assessment is complex and its application is time 
consuming. The risks associated with hazardous material movements can be
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minimized by reducing the likelihood of an accident involving hazardous material, 
reducing the likelihood of hazardous material releases in the event of an accident, 
reducing the magnitude of potential release from any single accident, and reducing 
the number of people exposed to the consequence of a release (Tumquist, 1985).
The advent of GIS has created a new technology for risk assessment. GIS can 
be used to assess the risks and vulnerability of transportation of hazardous material 
more quickly and in a more elaborate way than before.
The purpose of this chapter is to develop a methodology to assess the risks 
involved in hazardous material transportation using GIS. Risk here is measured in 
terms of population exposed to hazardous material on either side of the route of 
shipment. This chapter also discusses the various methods of risk assessment, 
categories of population exposed, and the components affecting the analysis.
4.2 Risk Analysis
Risk in transportation of hazardous materials can be quantified using 
Probabilistic Risk assessment (PRA) and subjective analysis techniques. PRA is one 
of the most rigorous and analytical techniques for assessing the risks of transportation 
of hazardous materials. This is also the most data intensive and time consuming. In 
PRA, consequences of events related to transportation of hazardous materials and 
their associated probabilities of occurrence are determined. In order to effectively 
use traditional PRA in assessing transportation risks for radioactive materials, 
measures of probability of radiation exposures and health effects under incident free
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and accident conditions must be established. Currently there are a number of PRA 
methods used for estimating risk which may be applied to hazardous material 
transportation.
The subjective method of risk analysis is used when there is no clear cut 
difference in the estimated risk using PRA. In the subjective method, risks are 
estimated by a panel of experts who are familiar with the operating situation and the 
problem.
Both PRA and subjective risk analysis consists of two major components, 
which are separate and largely independent: 1) Risk estimation and 2) Risk 
evaluation. These are discussed as below.
Risk estimation
Risk estimation entails (Jenssen and Castleman, 1984) 1) The acquisition and 
application of appropriate data for estimating accident probabilities and associated 
consequences or losses that may result from a subject hazardous activity; and 2) The 
combination of these probabilities and consequences or losses into a appropriate 
measure of the risk deriving from this activity.
Data such as accident rates, shipment frequency, volume of material 
transported, distance travelled, and type of vehicle involved in an accident or incident 
can be obtained from databases maintained by federal, state and local government 
agencies and from shippers and carriers. These acquired data can be used to 
determine accident probabilities.
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Consequences or losses (loss of life, property damage, environment pollution) 
that result from a hazardous accident or incident (overturning of vehicle, collision 
with opposing vehicle, system failure etc) depend upon a number of factors: type of 
material, volume of the material being transported, and meteorological conditions at 
the time of incident. The consequences can vary widely depending on the type of 
material involved in the event or accident. Impacts resulting from the release of 
poisons or explosive materials are to the occupants of vehicles involved in the 
accident, and to the on-link population at the incident site. The release of 
compressed gasses or volatile liquids affect large areas especially the immediate 
surrounding and property. The probability of each event (accident or incident 
involving hazardous material) is estimated and combined into an appropriate measure 
of risk derivied from this activity.
Risk evaluation
The second component of risk analysis is risk evaluation. In this step, the 
estimate of risk is analyzed to determine the factors that affect and contribute to the 
risk and to identify and evaluate alternatives that could reduce the risk to acceptable 
levels. Defining criteria for acceptable levels of risk is complex and controversial. 
It largely depends upon the decision makers perception and sensitivity.
DOT Guidelines
According to DOT guidelines, risk is measured as a product of release causing
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accident rates and population exposed within a specified distance.
Risk = accident probability * accident consequences
An accident may be overturning of a truck, collision with opposing vehicle.
The vehicle may release its contents there by generating one or more possible 
effects such as explosion, or release of toxic fumes. If the released materials impinge 
on some target such as people, buildings, or the environment, consequences or losses 
may incurred.
Risk can also be measured for individual route segments as discussed below 
Risk = Population exposed
Risk = (Population exposed) * (Shipment frequency)
Risk = (Population exposed) * (Shipment frequency) * (Accident rate)
43  Need for Risk Analysis
In general, risk analysis is needed to determine the safety of a particular 
hazardous activity such as transportation of hazardous materials along the nation’s 
transportation infrastructure compared to the safety of other activities and to 
determine a set of modifications through which the safety of such activity can be 
enhanced. It is also needed to estimate the cost involved to attain a given standard 
of safety through some set of alternative modifications and to identify the safest 
means of accomplishing a given object. Further, it also helps determine the added 
risk imposed on some set of activity due to modification that changes the risk in a 
given activity.
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4.4 Components of Risk Analysis
The components of risk analysis of hazardous materials transportation that 
suffer the consequences in case of an accident or incident involving hazardous or 
radioactive materials are Population, Infrastructure, Environment. Each of these 
components is discussed below:
Population
The population that suffers the consequence of hazardous material release 
spill can be classified as urban population, rural population, special population and 
on-link population. Urban and rural population can be further classified as resident 
population and non-resident population. Resident population refers to the 
permanent year round population and non-resident population refers to the visitors 
and temporary residents. Special population include peoples in schools, prisons and 
hospitals or health care and are difficult to evacuate in case of emergency. On-link 
population consists of people sharing the transportation link with the hazardous 
materials shipment. Examples of measures of on-link population includes traffic 
sharing the transport link, or the average daily traffic on the route segment.
Infrastructure
Highways, railroads, airport, waterways and their components constitute 
transportation infrastructure. The scope of the analysis for this thesis is limited to 
highway infrastructure only. Highway infrastructure can be characterized by a
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number of factors such as starts with the functional classification of the system 
number of lanes, ramps, bridges, culverts, type of pavement and median. 
Functionally the system can be classified as interstate or freeways, multilane highways, 
primary highways, secondary highways, and other roads. Depending upon the type 
of area traversed the road can be functionally classified as Interstate urban, Interstate 
rural, principal arterial urban, principal arterial rural, minor arterial rural and major 
collector. Pavement along the roadway can be classified as paved, secondary paved 
and gravel. Based on the median type the highway can be classified as divided an 
undivided highway.
Environment
Description of the environment is important because it may vary at the time 
of study. The following environmental factors need to be accounted for in risk 
analysis for hazardous materials transportation.
© Ecologically sensitive areas such as waterbodies, recreational areas (parks), 
national forests, wild life habitats, wilderness areas, national parks, wildlife 
conservation areas.
© Meteorological conditions such as snow, wind, and rain.
© Agricultural areas: Cultivated land.
4.5 Factors that affect analysis based on population
A hazardous material transportation incident or accident can occur in many
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different ways, which in turn affect the population exposed. The hazardous incident 
may be due to material leaving the container, material disperse into the 
environment, or explosion of the containers. The factors that affect analysis based 
on population are meteorological conditions, incident location and population density.
Due to the characteristics of the material being released, the potential may 
exist for losses due to fires, explosions, toxic effects on people and vegetation, and 
contamination of ground water. Container failures and subsequent release of the 
hazardous materials to the environment may be the common results of an accident 
sequence. In the event of a release of a liquified gas or volatile liquid, the escaping 
material could spread, evaporate, mix and move downwind with the air surrounding 
the spill thus forming a cloud. If flammable, the air-fuel mixture will burn if a 
suitable source is present. A spill of toxic liquid can migrate through the soil and 
contaminates the ground water. The release of material into a body of water can 
adversely affect population using it.
If the population within the affected areas is known, quick measures can be 
taken to mitigate from the deleterious effects of these hazardous material, Corrosive 
and flammable solids are less likely to endanger a large area quickly. Compressed 
gases and liquified gases which cannot readily be controlled pose major threats to 
people. In such situations, if the population density surrounding the accident site is 
known, redundant, immediate and appropriate actions can be taken by emergency 
response teams. Such actions include informing the people about the situation and 
evacuating them to safer places. Some of the immediate measures that can be taken
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are include asking people to close their doors, windows and stay home until further 
informed about the situation.
Schools, hospitals, prisons and banks are some of the places that are difficult 
to evacuate immediately. If the population at these locations is known, the 
emergency response team can respond with proper measures. The measures may be 
to send the appropriate response and evacuating teams, including required number 
of vehicles, to evacuate the people from the incident site as soon as possible.
Average daily traffic (ADT) is another important parameter in measuring the 
consequence of a spill or accident involving hazardous materials. If ADT is known 
along the route, actions can be taken to stop or divert them through alternative 
routes and close the highway temporarily.
4.6 Population Data Sources
Population data is collected in many different ways and stored in man different 
forms. Some of the currently existing data sets are USGS Geographic Names 
Information System (GNIS), and US Census Master Area Reference (MARF-2) File 
(U.S. Bureau of Census, 1990). These are discussed below:
USGS Geographic Names Information System (GNIS)
GNIS file contains a name and a longitude and latitude value for a given 
populated area. This file is maintained by the U.S.Geological Survey, and is a digital 
file. The population count is derived from 1980 census of population and housing.
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US Census Master Area Reference (MARF-2) File
The MARF-2 file contains population data from the 1980 census of population 
and housing. The file is consistent for the United States.
TIGER FILE
Topologically Integrated Geographic Encoding and Referencing files or 
TIGER files are developed to store computer readable map information provided by 
the U.S. Geological Survey and integrate the information with the geographic 
attributes needed for census taking purposes. TIGER files contain population data 
from the 1990 U.S Census of population and housing. The population data are 
stored at block and tract level.
4.7 Risk Estimation Methodologies
The general type of risk estimation methodologies (Jenssen et. al, 1984) 
applied to hazardous material transportation risk analysis are Statistical Inference, 
Fault-Tree modelling, Analytical-Simulation modelling, Subjective estimation. These 
are briefly discussed below:
Statistical Inference
One of most frequently used procedure for estimating the probabilities of 
accident occurrence is that of statistical inference method. This methodology can 
only be used if there is adequate data with prediction capabilities. This method
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assumes that the future can be estimated from the past data using probability
estimates. There are a number of problems using this method. Firstly, data
regarding hazardous shipments are difficult to obtain as no consistent reporting is 
requested. Secondly, adequate data regarding accident occurrence may not exist at 
all. Thirdly there is the important assumption of ’stationarity’ i.e., the past can
exactly predict the future, which may not be the case.
Fault Tree Modelling
This approach combines the probabilities of the initiating events and the 
consequences that might occur from a hazardous event. For correct estimation, the 
initiating events their consequences and probabilities need to be correctly estimated 
in the form of a fault tree. The difficulty with this method is the acquisition of 
precise data of the hazardous event and its consequences.
When applied to a transportation accident occurrence this method has three 
advantages over the Statistical Inference method (Jenssen and Castleman, 1984).
•  The input data-acquisition problem would be changed from that of obtaining 
a meaningful sample of accidents for all sets of infrastructure conditions of 
interest at the system level.
•  Fault trees conveniently lend themselves to the evaluation of the effectiveness 
of given mitigating measure.
•  Even when basic data are not available, quantitative analyses of fault-trees can 
provide significant insights on accident-initiating event sequences that ar
58
potentially important to system safety.
Analytical simulation modelling
Analytical simulation modelling method can be approached in three steps. 
Initially a functional description of the system is made. The operations of the system 
are expressed in terms of certain performance parameters, such as human and 
equipment conditions under which accident or incident occurred. Finally, the 
probabilities of occurrence and or the effects of accidents are calculated using 
numerical calculations or a repeated simulation runs of the system operation. In this 
approach, many assumptions that have to be made to determine the required 
formula.
Subjective Estimation
When all the above methodologies fail, risks are estimated by a panel of 
experts which is commonly referred to as subjective estimation. Panel experts must 
be familiar with the operations of the system. Subjective estimation is perceived, 
inherently a low confidence risk analysis methodology.
4.8 GIS Based Applications for Risk Analysis
Although the above outlined risk estimation techniques can be used to asses 
the risks associated from the transportation of hazardous materials, still may have 
some deficiencies regarding data integration for modelling purposes, accepting data
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for changes in the modelling approach and for graphical representation of the 
analysis results. The advent of GIS has provided considerable technology for 
overcoming such type of deficiencies and for accurate estimation of risk.
The purpose of this section is to demonstrate the use of GIS to assess the risks 
associated with the transportation of hazardous materials. This is a new approach 
to risk analysis of hazardous materials transportation. As discussed in section 4.4, the 
components of risk analysis of hazardous materials transportation are population, 
environment and infrastructure.
To determine the relative importance of the risk component that might 
influence the analysis, a multi-disciplinary panel was convened by DOT. The panel 
members included representatives from Federal, State and Local governments and 
the motor carrier industry. Panelists ranked the above components according to 
which would be the most likely to suffer the worst consequences of any hazardous 
materials release. Population was consistently rated over the environment and 
property as most likely to suffer the worst consequences of any hazardous materials 
release (DOT, 1989).
For the current study, the consequence component of risk is measured in 
terms of population exposed on either side of the selected alternative highway routes. 
The analysis is limited to the consideration of resident population only. The 
environment and infrastructure components of risk assessment are not treated in a 
quantitative manner, but may be included to subjectively prioritize the analysis, when 
there is no clear cut difference in the population component of risk value.
60
The frame work for analysis was provided by the 1990 U.S. Bureau Census 
Population data, street centerline transportation network in Universal Traverse 
Meracator (UTM) coordinate system and the National Highway Planning Network 
in decimal degree coordinate system (latitude and longitude). The 1990 census 
population data was obtained in the form of TIGER coverages at block level for the 
state of Nevada. The data were than synthesized at the tract and county levels.
As the two coverages are in different coordinate systems, it is difficult to 
perform a GIS overlay to estimate the consequence component of risk value. To 
perform a GIS overlay the two coverages must be brought into the same coordinate 
system which is done by the projection and transformation capabilities of GIS (Figure 
4.1). Projection capabilities technique of GIS helps in coordinate transformation 
between any two of the many coordinate projections and facilitates areas on the earth 
surface to be represented on a map or flat surface. The projection operation can be 
automated or performed using key board.
Transformation helps in converting coverages from one coordinate system to 
another coordinate system. In general the transform operation is used to convert 
coverages created in digitizer units to another coordinate system such as UTM 
meters, State Plane Feet or Albert Feet. The first task in transformation is to 
identify common reference points or TICS on each of the coverage. The second task 
is to create a new empty coverage with the same coordinate system and same tics. 
The final task is to use the transformation command of GIS.
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TRANSFORMATION: DD - UTM METERS
NO OJC.
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FINAL COVERAGE
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PROJECT: UTM METERS
TIGER COVERAGENHPN NETWORK
COMMON REF POINTS
Figure 4.1 (GIS Projection-Transformation methodology)
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Methodology
Risk minimization is an integral part of any risk analysis. For the current 
study resident population as an indicator of risk and GIS was used to asses the risks 
associated with the transportation of hazardous materials (Figure 4.2). This 
procedure is briefly discussed below:
Separation of identified alternative routes
Using GIS the identified alternative routes are separated from the rest of the 
large highway network containing all the major highways of Nevada. GIS capabilities 
for graphical and product generation are used to graphically display the separated 
routes.
Selection of Impact area
The purpose of impact area determination is to identify the safe evacuation 
distances in case of a spill or release involving hazardous materials. The impact area 
varies widely depending upon the type of material being transported, quantity of the 
material released and the place of release. The selection of impact area is subjective 
due to wide variation in chemical properties of hazardous material being transported. 
In case of a liquified and volatile gas the escaping one could spread evaporate and 
will burn if a suitable source is present and pose a major threat to exposed 
population. Poisons in a solid state may pose threat to on-link population and people 
in the vehicle. For the current study a impact areas of 0.5, 1, 2, 5, 10, 20 miles on
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GIS BASED METHOD OF RISK ASSESSMENT
OIS
CORRIDOK WIDTH
BUFFERING
LINK DATA
POPULATION DATAROUTE SEPARATION
BLOCK/TRACT
TIGER COVERAGE
POPULATION DATA
TOTAL AREA 
CALCULATION
NHPN NETWORK
AREA ESTIMATION
QIS OVERLAYINO
ROUTINa MODEL
POPULATION DENSITY ESTIMATION
Figure 4.2 (Risk assessment methodology using GIS)
decision and can be varied for future studies.
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Route Buffering
The selected routes are buffered using GIS, based on the identified impact 
distances. Each buffer width represents the width of potential critical corridor for 
specific accident scenarios involving the transport of hazardous materials or 
radioactive materials. The process creates a new polygon coverage which later can 
be used to overlay on the population data sets.
Selection of population data sets
The 1990 U.S Census population data obtained in the form of TIGER 
coverages are used for this current analysis. Population data obtained is at a block 
level for the state of Nevada. The data were then synthesized at the tract level and 
county level and state level. These aggregated data were used to perform risk 
analysis.
Overlaying Methodology
The buffered highway routes are overlaid over census polygon coverages to 
determine the share of census block/tract/county that falls within the impact area 
(Figure 4.3). GIS has a capability of overlaying polygon on polygon, point on 
polygon, line on polygon. In this study a polygon on polygon overlay is done, and in
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this process a new coverage is created containing features in the area common to 
both the coverages. Feature attributes for the both the coverages are joined in the 
output coverage.
Estimation of risk value within the impact zone
Risk value is here measured in terms of population exposed on either side of 
the selected highway route within the impact zone. The datasets contain population 
stored at block/tract/county levels and is assumed to be uniformly distributed within 
each block/tract/county. The output coverage from the overlay operation consists of 
blocks fully within the buffered area, blocks fully outside buffered area and blocks 
partially within buffered area. With the exception of the blocks/tracts lying fully 
within the impact area, there is a need to estimate the population within the share 
of census block/tract that falls within the impact area (Figure 4.4). Population within 
share of census block/tract/county within the buffer is estimated by multiplying the 
percent share of census block/tract/county with the total population of each 
block/tract/county. Finally the total population along the entire route is obtained by 
summing up all the population within the buffer region.
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Figure 4.4 (Measure of census areas within the buffer)
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4.9 Conclusions
This chapter presents a methodology to assess the risks involved in hazardous 
material transport using Geographic Information system. Various methods of risk 
estimation techniques, components affecting risk analysis and different categories of 
population are discussed.
CHAPTER 5
SENSITIVITY ANALYSIS
5.1 Introduction
In general, the main objective of conducting sensitivity analysis is to identify 
the sensitive parameters that affect the optimal solution and try to estimate these 
parameters as accurately as required. The objective of modelling risk for this study 
was to obtain a sensitivity analysis of the risk. A broad range of data were utilized 
to conduct the sensitivity analysis. Major data integration occurred in creation of 
separate tract coverage and combination of population data with the tract and county 
coverages. This type of analysis serves a prototype for future macroscopic studies at 
national level.
The statistical areas considered for the modelling approach are census blocks, 
census tracts and counties. The risk value is measured by considering the whole 
route between the origin and destination as one single route and by breaking down 
the route at places where it crosses the county boundaries. The reason for 
segmenting the routes is for more accurate representation of the variation of 
population along the routes.
Population can be estimated by using a number of methods using GIS
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technology. The commonly used methods are Census Polygon method, Thiessen 
Polygon method, Grid Based Polygon method and Corridor Width method (Gonzales, 
1992). Using these methods the populated areas can be identified and used for 
analysis or displayed in a hard copy format or on a CRT screen.
In the Census Polygon method of population estimation, each polygon (block 
or tract or enumeration district) is identified by a polygon-Id and is associated with 
population and demographic data. An implicit assumption in this method is the 
uniform distribution of population within the cells.
In the Thiessen Polygon method of population estimation, a series of triangles 
are constructed by connecting each point with its adjacent point. Then the 
perpendicular bisectors are drawn for each sides of the triangles. These 
perpendicular bisectors intersect with each other to create a set of irregular polygons 
called Thessien polygons. These polygons are then intersected with study area 
polygons and the population is estimated assuming uniform population distribution 
with the cells. These triangles are large where the population data is sparse and 
small where data is dense.
In the Grid-based method of population estimation the study area is divided 
into a series of regular grid cells. Commonly adopted grid cell types are square, 
hexagonal or triangular in shape. The most widely used of these three regular grid 
cells is the square. Each cell is assigned a value and portrays information such as 
landuse, population, elevations etc. The cell size selection is based on desired level 
of accuracy for the analysis.
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In the Corridor Width method, population is estimated within a defined 
corridor width. For hazardous materials transportation, the selection of corridor 
width varies widely depending upon the type of material being transported, quantity 
of the material released, place of release and emergency response locations. The 
selection of impact area is subjective due to the wide variation in chemical properties 
of the hazardous material being transported.
This chapter addresses sensitivity analysis in hazardous materials 
transportation. Based on the results obtained, the critical level of population among 
the three levels (block, tract and county) is identified. The research also identifies 
the level of disaggregation of population data. An Urban Population Index (UPI) 
was developed to determine the appropriate level of aggregation (block, tract, and 
county) based on the characteristics of population concentration (Table 5.1).
Urban Index is defined as
UPI -  (No. o f  t r a c t s  w i th  p o p u l a t i o n  £ 2 5 0 0 )  x (% urban p o p . )  
(% urban a r e a )
UPI -  Urban P o p u la t io  Index (2 )
% urban area  - (urban area)
( t o t a l  area o f  county)
% urban pop. - (urban p op . )  /  ( t o t a l  pop.  o f  the  county)
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Urban population is defined as all persons living in urbanized areas and in 
places of 2,500 or more population outside of urban areas or Urbanized areas may 
be defined by population density. Urbanized areas include a central city and the 
surrounding closely settled urban fringe that together have a population of 50,000 or 
more with a population density generally exceeding 1,000 people per square mile 
(Bureau of The Census, 1990).
5.2 Data
For the current analysis, two kinds of data are needed: spatial data and non- 
spatial data. Spatial data may be represented as a coverage, map or a statistical area. 
The spatial data can be represented in a vector or raster format. Statistical areas as 
defined by the U.S Census include Census regions, metropolitan statistical areas, 
urbanized areas, urban/rural, census county divisions, census designated places, census 
tracts, block numbering areas, block groups, blocks, Alaska native village statistical 
areas, tribal designated statistical areas, and tribal jurisdiction statistical areas. The 
statistical areas that are used for the current analysis are census tracts, census blocks 
and counties. Population is characterized as non-spatial data.
53  Nevada State data Size
Total population of Nevada is approximately equal to 1.2 million according to 
the 1990 census. Table 5.2 shows the number of counties, tracts and blocks in the
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Table 5.1 Urban Population Index
S.No County Urban Index
1 Churchill 14.43
2 Clark 144.78
3 Douglas 4.96
4 Elko 16.52
5 Esmeralda 0
6 Eureka 0
7 Humboldt 7.74
8 Lander 2.68
9 Lincoln 0
10 Lyon 6.24
11 Mineral 0
12 Nye 3.57
13 Pershing 1
14 Storey 1.1
15 Washoe 41.58
16 White Pine 5.46
17 Carson City 11.68
Table 5.2 Counties, Tracts, Blocks in Nevada
Counties Tracts Blocks
17 267 32,879
State of Nevada. A brief discussion of each of these follows.
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Census tract
Census tracts, as defined by the census bureau, are small areas into which 
large cities and adjacent areas have been divided for statistical purposes (Bureau of 
Census, 1990).Tract boundaries were established cooperatively by a local committee 
and the Bureau of the census and were generally designed to be relatively uniform 
with respect to population characteristics, economic status, and living conditions. The 
average tract has about 4000 residents. Tract boundaries are established with the 
intention of being maintained over a long time so that comparisons may be made 
from census to census.
Census block
Census block, as defined by the census bureau, are smallest census geographic 
areas, normally bounded by streets and other prominent physical features (Bureau 
of Census, 1990). County and place limits also serve as block boundaries. Blocks 
may be as small as a typical city block bounded by four streets or as large as several 
square miles in rural areas. The 1990 census is the first census in which data is 
available by block for the entire nation.
County
The primary political divisions of most states are termed as "counties". In four
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states (Maryland, Missouri, Nevada, Virginia), there are one or more cities that are 
independent of any county organization. These cities are know as independent cities 
and treated as equivalent to counties for statistical purposes.
5.4 Data required for the levels of aggregation
Table 5.3 shows the data required for different levels of aggregation. For the 
aggregation at the county level, the information about the county population data is 
sufficient. In case of tract level of aggregation information regarding the tract and 
county which it is a part of are required. At the block level of aggregation 
information regarding the block, tract and county are required. Figure 5.1 through 
Figure 5.3 shows the block, tract and county coverages developed for the State of 
Nevada.
Table 5.3 Data requirement for different levels of aggregation
Data category Level of aggregation
County Tract Block
County R N N
Tract R R N
Block R R R
R-required; N-not required
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Figure 5.3 (County's in Nevada State)
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5.5 Computation Time
Analysis using GIS can be very data intensive requiring significant storage 
space. The processing of such data is very computer intensive and consumes a lot 
of central processing time (CPU) of a computer. The reasons for this may be 
(Sathisan, et al. 1990) geoprocessing operation involves the movement of data on a 
greater magnitude for each transaction and due to interactive nature of data by itself.
For the current research, Sun-MP690 Four Processor minicomputer with 256 
megabytes of disk running under SunOS 4.1.3 (Unix 4.3 and System V) and a speed 
of 4.3 megaflops. The software used is ARC/INFO version 6.0.1. To determine the 
population densities values a number of polygon over polygon overlays are made and 
each overlay operation consumed approximately 30 minutes of CPU time. To this 
must be added the time taken to create the appropriate coverage, attribute 
assignment, cleaning and building the coverage, segmenting of the route, separating 
of the routes from street network and buffering of the selected routes. Block 
coverage, tract coverage and county coverage require a disk storage space of 16,517 
kb, 428 kb, 126 kb respectively.
5.6 Analysis Results
The spatial distribution of population is of critical concern in selecting a route 
for the purpose of transporting hazardous materials. Precise estimation of population 
along the route of shipment helps in taking proper precautionary and remedial 
measures by emergency response teams in case of an incident or accident involving
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hazardous material transportation. The purpose of this discussion is to document the 
results and important findings of the risk analysis. Population, within a specified 
distance of a route, is used as a measure of risk. All comparisons in this discussion 
are made between 0.5, 1, 2, 5, 10, and 20 mile corridor width and between block, 
tract and county levels of population estimation.
The analysis is carried out for two cases for each of the two routes (Route-A 
and Route-B). In Case 1 the whole route between origin and destination is assumed 
as one single segment and the risk value is estimated at block, tract and county levels. 
Under case 2, the route is further segmented at county boundaries and the risk value 
is estimated at block, tract and county levels.
The results of the analysis are documented in Tables 5.4 through 5.15.
The values in the tables give information about corridor widths, residential population 
information and population densities along the selected route at block, tract and 
county level.
Case 1: Considering the whole route as one single segment
In this case the alternative routes between Wendover and Yucca Mountain is 
considered as one single segment. A detailed analysis of each route follows 
Route-A fWendover-Tonopah-Yucca Mountain!
The population densities along Route-A for various corridor widths and for 
levels of aggregation (block, tract, and county) are calculated and presented in Table 
5.4. Careful observations of the results from Table 5.4 indicate that between the
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block, tract and county levels the critical level of population estimation is that of the 
block level. This is because when block level population information was used, 
population densities are greater. Population densities obtained using tract level data 
were smaller then block based densities but greater than county based densities. Also 
the population densities decreased as the corridor width increased. This shows that 
population is concentrated along the route and decreased with the increase in 
distance away from the route. This clearly shows that the tendency of population to 
concentrate in areas nearer to major highways. The critical corridor was taken as 
that width which had the highest population density. Along this route the critical 
corridor was identified to be 0.5 mile.
Also at block level, the population density at 0.5 mile corridor width is about 
1120 percent higher than at the 20 mile corridor width. For the 20 mile corridor 
width the population density at the block level was 15 percent higher than at the 
county and tract levels. This clearly shows that population densities decrease as we 
move away from the highway.
Route-B fWendover-Las Vegas-Yucca Mountain!
The population densities along Route-B for various corridor widths and at 
various levels of aggregation (block, tract, county) are calculated and presented in 
Table 5.5. The population densities along this route decreased from block to tract 
to county levels. The population densities at block and tract levels were found to be 
almost equal. The population densities decreased with the increase in distance away
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from the route. The critical corridor width along this route was identified to be 0.5 
mile with a population density of 49.20 per/sq km. The reason for this high 
population densities at tract level may be that the route passes through urban areas. 
Also, blocks and tracts in urban areas are more uniformly and densely populated 
when compared to those in rural areas.
Case 2: Segmenting the routes at county boundaries
To overcome the limitation in considering the whole route as one single 
segment, the entire route is further segmented down at county boundaries (Figure 5.4 
and Figure 5.5). A  detailed analysis for each segment follows.
Segment-l-A
Segment-1 is contained within Elko county. The population densities increased 
from the 0.5 to 1.0 mile corridor width and then gradually decreased till 20 mile 
corridor width (Table 5.6). For all corridor widths the population densities decreased 
from block to tract level and increased from tract to county levels. There may be two 
reasons for the increase in population at the county level. Firstly, Interstate 1-80 
passes through the county and population may be concentrated along 1-80 and that 
Segment-l-A is located elsewhere in the county. Secondly, the area along which the 
route is passing may be a rural area. The critical corridor width was identified as 1.0 
mile with population density of 0.82 persons/sq km.
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Figure 5.4 (Segments of Route-A)
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Sea-5
YUCG seg-4
Fig 5.5 (Segments of Route-B)
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Segment-2-A
Segment-2 is contained within White Pine county. The population densities 
along this segment decreased from block to tract to county levels (Table 5.7). The 
population density increased from 0.5 to 1.0 mile corridor width and later decreased. 
The reason for this may be that people do not stay very close to the highways but 
certainly not very far from the highways. The critical corridor width was identified 
as one mile. Since the population densities and population are both higher along 
segment-2 than along segment-1, segment-2 is considered as critical when compared 
to segment-1. Also, for the 20 mile corridor, the difference in population densities 
between the three levels was not that significant. This could be because the blocks 
or tracts close to highways are more populated when compared to those at a distance 
away from the route and that the 20 mile corridor incorporates all of the tracts and 
their population.
Segment-3-A
Segment-3 is contained within Nye county. The population densities increased 
from 0.5 to 1.0 mile and decreased for greater corridor widths (Table 5.8). The 
population densities decreased from block to tract level and increased from tract to 
county level. The increase in population densities from tract to county level shows 
that population is concentrated in other areas within the county and not along the 
route. The critical corridor width was identified as one mile. Overall, this segment 
is not critical when compared to the current critical segment i.e., segment-2-A.
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Segment-4-A
Segment-4 passes through Esmeralda county close to the Nye county border. 
In this county the 2.0 mile corridor width was identified as critical. The population 
densities along this segment increased from 0.5 miles to the critical corridor width 
and then decreased (Table 5.9). The population densities at all the three levels were 
found to be greater at the 5 mile corridor width when compared to the 0.5 and 1.0 
mile corridor widths. The reason for this may be that the population is concentrated 
outside the 1 mile buffer but inside the 10 mile buffer. This segment is less critical 
when compared to segment-2-A.
Segment-5-A
Segment-5-A, like segment-3-A, passes through Nye county. The population 
densities decreased from block to tract to county levels and also as the buffer 
distances increased (Table 5.10). The critical corridor width was identified as 0.5 mile 
with a population density of 2.94 persons per square kilometer.
Segment-I-B
Segment-1 of Route-B is the same as the segment-1 of Route-A (Table 5.11). 
Segment-2-B
Segment-2-B passes through White Pine county. The population densities
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along this segment decreased from block to tract to county levels. The population 
densities increased from 0.5 mile to 1.0 mile corridor width and later decreased (Table 
5.12). The critical corridor width was identified as 1.0 mile with a population density 
of 8.9 persons/sq km. Compared to segment-1, segment-2 is considered critical as the 
population densities and population along this segment are higher.
Segment-3-B
Segment-3-B is contained with in Lincoln County. The population densities 
decrease from block to tract and increased from tract to county levels (Table 5.13). 
This increase in population densities from tract to county level may indicate that the 
population is concentrated in other parts of the county and away from the route. 
The critical corridor width was identified as one mile with a population density of 
2.14 persons/sq km. Also, the population densities increased from 0.5 mile to 1.0 mile 
and decreased later. Segment-3 is critical when compared to segment-1 and not 
more critical than segment-2-B.
Segment-4-B
This segment passes through Clark county. The population densities along this 
segment are very high. The population densities decreased from 0.5 mile corridor to 
20 mile corridor (Table 5.14). The critical corridor width was identified as 1.0 mile 
with a population density of 226.84 persons/sq km. One interesting finding here is 
that the population densities at 0.5 mile and 1.0 mile corridor distance increased from
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block to tract level. This shows that the estimation of population at tract level are 
more accurate for large urban areas than county level estimates. When compared 
to any other segments of Route-A and Route-B, this segment is the most critical in 
terms of population and population density.
Segment-5-B
The segment-5 passes through Nye county. The population densities along this 
segment increased from block to tract levels and decreased from tract to county levels 
(Table 5.15). At the block level, the population densities increased from 0.5 corridor 
to 20 mile corridor. At tract level the population densities decreased from 0.5 mile 
corridor to 20 mile corridor width. One conclusion that can be inferred from this is 
that the population is concentrated at a distance away from the route it should also 
be noted that a portion of the larger buffers falls in dark county area which is a very 
densely populated area.
5.7 Condusions
In this study GIS technology was used to determine the critical level of 
population estimation to support risk analysis for transporting hazardous materials. 
Results of the analysis are calculated and presented in Tables 5.4 through 5.15.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
In this thesis, GIS technology was used to determine the critical level of 
population estimation to support risk analysis for transporting hazardous materials. 
In the analysis, the population exposed on either side of selected highway route was 
used as a measure of risk. Population was estimated at block, tract and county levels. 
Some of the findings from this study are as follows.
1. Alternative routes: quickest, shortest, commercial route and constrained routes 
were identified using HIGHWAY and separated from the rest of the highway 
network using GIS technology. Different routing criteria and criteria weights 
were used to select the above alternative routes. The highway properties 
along the route were identified. When compared to Route-B, Route-A was 
found to be 145.1 km shorter in travel distance and 56 minutes less in travel 
time.
2. Most of the times population densities at block level provided more accurate
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estimation when compared to tract and county level estimates. Based on the 
results, it can be concluded that the population densities are under estimated 
if the analysis is carried out at tract and county levels. In almost every case, 
block level of population estimation provided better results irrespective of the 
type of area (urban or rural) through which the route was passing. Tract level 
of population estimation provided better results when the route passed more 
through the urban counties than rural counties. The reason for this may be 
due to increase in tract size in rural areas. County level of population 
estimation can be used when the areas are rural and very sparsely populated.
3. Both Route-A and Route-B passed through more than one county. The 
population densities along these routes were estimated by considering the 
whole route as one single segment and also by dividing the route at county 
boundaries. The results indicate that segment-2 of Route-A (in White Pine 
county) and segment-4 of Route-B (in Clark county) were the most critical in 
terms of population and population density values. Also, the route can be 
further segmented down depending upon the sensitivity required.
4. In general, a normalization factor is used to interpolate with the approximate 
value to calculate or estimate the real value. This type of normalization 
facilitates a quick answer to the problem. However in this analysis a 
normalization factor may not be used due to wide variation in population
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densities and population distribution in the state of Nevada. Most of Nevada’s 
population is concentrated in southern Nevada in Clark county and in the 
Reno metropolitan area and Carson City. The rest of the areas are very 
sparsely populated.
5. Based on the results from Table 5.3 through 5.14, it can be concluded that the 
population densities along route-B are very high when compared to population 
densities along Route-A (Table 6.1). The lower the population exposed to 
hazardous material transportation, the safer the route is for the purpose of 
transporting hazardous materials.
6. An Urban Population Index was calculated to identify the required level of 
disaggregation of population data (block, tract and county). Urban population 
is defined as all person living in places of 2500 population or more. Clark 
county is the most urbanized county with an urban index of 144.78.
6.2 Recommendations
1. The routes can be further segmented depending upon the sensitivity required
and the risk values to be estimated along each segment.
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2. New type of data sets should be created by combining raster and vector 
images. Raster image is a set of polygon grid cells into which the study area
Table 6.1 Routing and Risk Analysis: Summary Table
Highway
Route
Critical 
Corridor 
in miles
Population 
density 
per/sq km
Total 
length 
of route 
(km)
Travel
time
(hrs)
Critical
Segment
(Pop.
density)
per/sq
km
Percent 
diff. in 
pop. 
denstity
Route A 0.5 4.88 680.5 10.37 Seg-2-A
(11.42)
900 
B > A
Route B 0.5 49.20 825.6 11.30 Seg-4-b
(226.84)
is divided. Vector images are scanned or digitized images. Overlaying of these raster 
and vector images gives complete information about the topography, population 
densities, environmental conditions, and infrastructure properties contained in the 
each cell (Figure 6.1). The size of the cell can be selected based on the sensitivity
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required. This type of analysis gives a uniform measure of area. This also reduces
storage space problems by maintaining of a number of different coverages.
3. Future work includes linking ARC/INFO software with HIGHWAY to 
integrate population based risk analysis presented in this thesis. This type of 
linking will help in selecting route based on segment lengths and automatically 
separate the route from the rest of highway network. This eliminates the 
drawback of physically selecting and segmenting the routes. The process 
would also save significant amount of computational time.
4. The UPI developed is limited to the state of Nevada. There is a wide 
difference between the Upper bound and lower bound values of UPI. The 
reason for this variation may be due to uneven population distribution in the 
state of Nevada (Figure 6.2). After careful observations of the results from 
risk analysis, it can be recommended that, if UPI is greater than 100, the 
analysis can be carried out using tract level of population estimation. If the 
UPI is > = 1 0  and, <=100, analysis can be carried out using block or tract 
level. County level of population estimation can be used if the UPI values is 
between 0 and < 10 and for corridor widths ranging between 10-20 miles. The 
developed UPI need’s to be applied to another state with similar population 
distribution as Nevada, in order to validate the results.
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Figure 6.2 (Population Densities in Nevada State)
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Figure 6.1 (Overlay of Raster & Vector images)
APPENDIX I
POPULATION DENSITIES AT BLOCK, TRACT AND COUNTY LEVELS
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APPENDIX II
TRACT POPULATION DENSITIES
121
122
P o p u l a t i o n  d e n s i t i e s  o f  t r a c t s  i n  N e v a d a  S t a t e
S.no Tract # Cnty Name POPULATION DENSITY (Per/ Sq Jan)
1 0 0 0 .0 0 0 0
2 0034 1 0 0 .0 0 0 0
3 95 0 1 7 ELKO 1 ,1 9 3 0 .2 3 1 0
4 9602 13 HUMBOLT 254 0 .0 4 3 0
5 9503 7 ELKO 113 0 .0 2 4 0
6 9504 7 ELKO 192 0 .1 0 8 7
7 9505 7 ELKO 1 ,0 2 9 0 .2 5 6 6
8 9601 13 HUMBOLT 1 ,1 9 2 0 .2 0 9 9
9 9515 7 ELKO 2 ,3 8 7 0 .2 7 4 7
10 9506 7 ELKO 112 0 .0 2 6 5
11 9603 13 HUMBOLT 27 0 .0 0 8 5
12 9605 13 HUMBOLT 3 ,9 9 7 0 .7 1 2 4
13 9606 13 HUMBOLT 1 ,9 6 8 0 .6 2 9 4
14 9507 7 ELKO 5 ,7 3 3 1 .7 0 6 6
15 9502 7 ELKO 1 ,9 5 8 0 .2 6 3 5
16 9514 7 ELKO 6 ,0 4 2 5 .3 0 5 7
17 9607 13 HUMBOLT 5 ,4 0 6 3 .6 3 6 2
18 9516 7 ELKO 2 ,3 0 0 2 .0 0 3 7
19 9601 11  EUREKA 58 0 .0 4 3 1
20 9701 15 LANDER 5 ,2 7 6 1 .1 7 3 7
2 1 0 0 0 .0 0 0 0
22 9801 0 4 ,3 3 6 0 .2 7 6 0
23 9513 7 ELKO 2 ,6 3 5 3 2 2 .3 9 5 9
24 9508 7 ELKO 1 ,9 5 3 8 8 8 .8 1 9 3
25 9509 7 ELKO 2 ,3 0 3 5 1 8 .0 9 4 0
26 9510 7 ELKO 1 ,5 8 7 3 5 8 .0 8 8 0
27 9512 7 ELKO 3 ,7 3 5 2 .8 2 1 6
28 9511 7 ELKO 258 0 .1 6 4 5
29 9602 11  EUREKA 382 0 .1 1 0 2
30 9701 11 EUREKA 0 0 .0 0 0 0
31 9702 15 LANDER 723 0 .1 1 4 8
32 9701 33 WHITE PIN E 2 ,3 9 0 0 .1 4 2 4
33 9603 11 EUREKA 438 0 .1 2 5 1
34 0034 1 CHURCHILL 0 0 .0 0 0 0
35 9501 1 178 0 .0 1 7 0
36 0 0 0 .0 0 0 0
37 9501 31  WASHOE 0 0 .0 0 0 0
38 0 0 0 .0 0 0 0
39 0 0 0 .0 0 0 0
40 0034 1 0 0 .0 0 0 0
4 1 9501 31 0 0 .0 0 0 0
42 0 0 0 .0 0 0 0
43 0034 1 0 0 .0 0 0 0
44 0 0 0 .0 0 0 0
45 9501 31 0 0 .0 0 0 0
123
4 6 0034
4 7
48 9501
49 9501
5 0 0 0 2604
5 1 0034
52 0 02603
53 9501
54
55 9601
5 6 0034
57 9501
58 0 0 2 6 0 1
59
60 9505
6 1
62
63 0034
64 9501
65 9502
66 0 0 2 7 0 1
67 9501
68 9701
69 9702
70 002702
7 1 0023
72 9602
73 002402
74 0 03105
75 003103
76 0 0 2 9 0 1
77 0028
78 0017
79 0015
80 0025
81 0 0 2 4 0 1
82 002902
83 003106
84 9604
85 0 0 3 1 0 1
86 0030
87 0018
88 0019
89 0014
90 0013
91 0001
92
93 0 0 3 3 0 1
94 00 2 1 0 1
95 0007
96 0002
97 0012
1
0
3 1
3 1
3 1  WASHOE 
1
3 1  WASHOE 
31  
0
19 LYON 
1 
31
31  WASHOE 
0
1 CHURCHILL 
0 
0 
1
31  ____
1 CHURCHILL 
31 WASHOE 
19 LYON 
29 STOREY 
33 WHITE PINE 
31 WASHOE 
31 WASHOE 
19 LYON 
31  WASHOE 
31  WASHOE 
31 WASHOE 
31  WASHOE 
31 WASHOE 
31 WASHOE 
31 WASHOE 
31 WASHOE 
31 WASHOE 
31 WASHOE 
31 WASHOE 
11 EUREKA 
31  WASHOE 
31 WASHOE 
31 WASHOE 
31 WASHOE 
31  WASHOE 
31  WASHOE 
31 WASHOE 
0
31  WASHOE 
31  WASHOE 
31  WASHOE 
3 1  WASHOE 
31 WASHOE
0 0 .0 0 0 0
0 0 .0 0 0 0
0 0 .0 0 0 0
0 0 .0 0 0 0
7 ,7 0 4 9 0 .8 9 0 8
O 0 .0 0 0 0
8 ,5 0 7 4 9 .7 8 8 3
0 0 .0 0 0 0
0 0 .0 0 0 0
5 ,1 8 8 2 0 .9 8 4 4
0 0 .0 0 0 0
0 0 .0 0 0 0
8 ,5 4 5 2 1 3 .4 6 1 0
0 0 .0 0 0 0
3 ,0 5 4 2 .3 6 7 6
0 0 .0 0 0 0
0 0 .0 0 0 0
0 0 .0 0 0 0
0 0 .0 0 0 0
6 ,4 1 7 5 .2 9 8 1
7 ,8 8 2 2 4 7 .6 6 6 5
0 0 .0 0 0 0
2 ,5 2 6 3 .6 9 5 7
4 ,2 9 5 0 .6 9 6 4
4 ,7 5 2 4 5 8 .8 7 8 6
2 ,4 6 5 6 .7 4 7 7
3 ,2 6 1 2 .1 2 7 0
5 ,1 0 7 2 4 9 .1 9 3 8
1 ,6 8 9 1 ,6 5 0 .2 7 9 5
7 ,8 2 2 1 ,4 0 0 .9 1 0 9
3 ,8 2 1 2 ,6 9 0 .6 0 6 3
8 ,3 9 7 1 ,7 6 9 .8 0 0 7
7 ,0 8 4 1 ,7 9 7 .8 9 7 4
7 ,1 5 6 1 ,0 5 4 .1 3 8 0
3 ,9 3 9 7 7 4 .9 8 3 9
7 ,1 3 3 1 ,5 6 7 .8 6 9 1
4 ,1 6 1 2 ,6 1 4 .6 0 3 3
7 ,8 8 1 3 ,2 7 8 .8 8 9 0
669 0 .2 6 7 3
3 ,1 3 1 1 7 1 .3 9 3 9
6 ,2 5 9 2 ,7 2 2 .4 1 8 2
6 ,2 3 7 3 ,5 5 8 .6 8 4 3
8 ,7 3 6 3 ,4 2 6 .6 8 7 3
2 ,9 7 0 3 ,0 3 4 .8 8 9 6
3 ,9 5 1 2 ,5 3 1 .5 0 7 7
5 ,1 2 0 1 ,2 4 7 .8 3 5 8
0 0 .0 0 0 0
434 6 6 1 .4 4 2 2
1 ,6 4 8 1 3 1 .7 9 4 6
5 ,5 2 3 2 ,4 4 1 .6 1 2 2
5 ,3 5 8 2 ,8 1 0 .0 6 7 2
3 ,2 4 0 4 7 0 .7 3 8 1
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9 9
100
101
102
103
1 0 4
1 0 5
1 0 6
1 0 7
1 0 8
1 0 9
110
111
112
113
1 1 4
1 1 5
1 1 6
1 1 7
1 1 8
1 1 9
120
121
122
123
124
1 2 5
1 2 6
1 2 7
128
1 2 9
13 0
1 3 1
1 32
133
134
1 3 5
13 6
137
13 8
1 39
140
1 4 1
142
143
144
145
14 6
147
148
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0004 31 WASHOE
0003 31 WASHOE
0 0 1 1 0 1 31 WASHOE
0 0 2 1 0 2 31 WASHOE
0 0 1 1 0 2 31 WASHOE
00 1 1 0 3 31 WASHOE
9703 15 LANDER
0009 31 WASHOE
0 0 2 2 0 3 31 WASHOE
0 0 1 0 0 3 31 WASHOE
0 0 1 0 0 4 31 WASHOE
0 0 1 0 0 5 31 WASHOE
0 0 2 2 0 4 31 WASHOE
0 0 1 0 0 2 31 WASHOE
0 0 2 2 0 5 31 WASHOE
0 0 2 2 0 2 31 WASHOE
9503 1 CHURCHILL
9504 1 CHURCHILL
0032 31 WASHOE
9603 19 LYON
9703 33 WHITE PIN E
0 0 3 3 0 4 31 WASHOE
0 0 3 3 0 2 31 WASHOE
0004 510 CARSON CTY
0032 510 CARSON CTY
0003 510 CARSON CTY
0010 510 CARSON CTY
0005 510 CARSON CTY
0009 510 CARSON CTY
0002 510 CARSON CTY
0006 510 CARSON CTY
0001 510 CARSON CTY
9604 19 LYON
0008 510 CARSON CTY
9606 19 LYON
0007 510 CARSON CTY
9801 23 NYE
0003 5 D0UGHLAS
0002 5 DOUGHLAS
0001 5 DOUGHLAS
9701 21 MINERAL
0004 5 DOUGHLAS
9605 19 LYON
0005 5 DOUGHLAS
0006 5 DOUGHLAS
9703 21 MINERAL
9501 17 LINCOLN
9702 21 MINERAL
9802 23 NYE
9501 9 ESMERALDA
9502 9 ESMERALDA
9502 17 LINCOLN
4 919 1 ,6 5 7 .9 1 2 5
3 713 2 ,3 8 9 .3 5 1 7
3 222 1 ,8 9 4 .3 0 4 6
10 903 3 5 7 .0 7 8 1
7 210 8 1 6 .6 5 1 3
1 885 2 5 0 .2 1 5 8
267 0 .0 7 6 5
3 769 3 ,1 3 5 .1 6 3 9
6 942 2 ,0 5 0 .0 1 1 8
5 790 6 0 4 .4 1 5 3
6 613 4 ,4 7 6 .1 7 9 4
3 006 1 ,2 0 6 .5 4 8 1
4 712 1 ,2 3 7 .7 7 6 6
6 345 1 4 5 .4 8 6 0
3 981 3 7 0 .3 7 0 7
1 526 2 7 .5 7 3 0
7 195 7 1 2 .9 2 3 3
1 094 4 1 .1 5 1 5
8 583 2 5 .0 3 0 7
4 321 7 .8 1 3 6
2 579 2 9 .7 2 8 0
4 4 6 1 3 5 .9 3 0 2
3 106 4 7 5 .6 8 6 2
3 385 8 3 .6 8 2 5
7 1 1 .3 4 5 1
2 296 1 5 .9 6 2 2
4 513 2 6 .9 9 7 1
5 38 1 1 ,0 9 0 .0 8 1 3
4 790 1 ,4 6 0 .1 4 3 7
5 606 1 ,3 1 2 .5 8 2 4
5 525 7 9 1 .2 6 8 4
438 5 8 4 .3 6 2 2
4 626 7 .9 5 5 5
3 202 1 1 3 .1 5 1 0
1 466 3 .5 6 9 6
5 300 1 ,6 5 8 .9 0 0 6
3 033 0 .1 3 4 8
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COUNTY POPULATION DENSITIES
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P o p u l a t i o n  D e n s i t i e s  o f  C o u n t i e s  i n  N e v a d a  s t a t e
S .N o  C nt’.y Name POPULATION DENSITY ( P e r /S q
km)
1 WASHOE 2 5 4 r 6 6 7 1 5 .0 0 3 0 0
2 ELKO 3 3 r 5 3 0 0 .7 5 2 7 2
3 HUMBOLT 1 2 ,8 4 4 0 .5 1 3 7 5
4 EUREKA 1 , 5 4 7 0 .1 4 2 9 9
5 LANDER 6 ,2 6 6 0 .4 3 8 6 8
6 PERSHING 4 , 3 3 6 0 .2 7 6 0 4
7 WHITE P IN E 9 ,2 6 4 0 .4 0 2 0 3
8 CHURCHILL 1 7 ,9 3 8 1 .3 7 9 3 9
9 LYON 2 0 , 0 0 1 3 .8 2 9 5 6
10 STOREY 2 , 5 2 6 3 .6 9 5 9 4
11 CARSON CT 4 0 ,4 4 3 1 0 0 .1 4 5 5 8
12 NYE 1 7 , 7 8 1 0 .3 7 8 3 3
13 DOUGHLAS 2 7 ,6 3 7 1 4 .4 5 9 7 6
14 MINERAL 6 , 4 7 5 0 .6 5 5 9 3
15 LINCOLN 3 , 7 7 5 0 .1 3 7 0 1
16 ESMERALDA 1 ,3 4 4 0 .1 4 4 6 9
17 CLARK 7 4 1 ,4 5 9 3 5 .3 8 4 0 5
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